Volatile organic compounds (VOCs) are produced by macroalgae in response to environmental stresses. A novel approach using Solid Phase Microextraction (SPME) was used to quantify the production of several VOCs from eight common intertidal algal species from the UK (Ascophyllum nodosum (Linnaeus) Le Jolis, Fucus vesiculosus (Linnaeus), Fucus serratus (Linnaeus), Laminaria digitata (Hudson) Lamouroux, Ulva lactuca (Linnaeus), Ulva intestinalis (Linnaeus), formerly known as Enteromorpha, Palmaria palmata (Linnaeus) Kuntze and Griffithsia flosculosa (J. Ellis) Batters). The volatile compounds included halogenated, sulphur containing, aldehydes, non-methane hydrocarbons (NMHC) and oxygenated species. Overall, the production of VOCs by these algae was not considerably different under illumination or in darkness; this suggests that the VOC production occurs during both algae photosynthesis and in other metabolic processes such as respiration or osmoregulation. Desiccation played an important role in the production of VOCs with greater production by macroalgae after desiccation. This production was related to the alga's normal position within the intertidal zone; there was a lower production of VOCs for species growing near the high water mark and a greater production for algae taken from the low tide position. There were also species differences in the VOC profiles and quantities released. For example, chlorinated and oxygenated compounds were principally released by the brown alga Ascophyllum nodosum, while green algae such as Ulva lactuca and Ulva intestinalis released greater amounts of brominated, sulphur containing compounds, aldehydes and non-methane hydrocarbons than the other algae tested. The kelps (e.g. Laminaria digitata) had the greatest release of iodinated compounds such as diiodomethane. These processes make significant contributions to the VOCs in seawater and, by transfer to the atmosphere, in the coastal atmosphere.
INTRODUCTION
Marine biota produce a great variety of volatile organic compounds (VOCs) and these compounds are of diverse biosynthetic origins 1 . Halogenated compounds may be produced by a range of marine organisms including marine bacteria, algae and several classes of marine invertebrates 2 . These organisms excrete many organic compounds directly into the sea water as a mechanism for removal of metabolic wastes and as chemical communicants 3 , for chemical protection 4 , as secondary waste compounds formed with the help of peroxidases to lower the high concentration of hydrogen peroxide formed in algal cells 5 , in response to oxidative stress 6 , for anti-herbivory activity 7 , antimicrobial action 8 to facilitate food gathering or as hormones 2 and other reasons not yet clearly understood.
The production of halocarbons and other VOCs by marine algae may be more important on a local scale due to the occurrence of high biomass in coastal regions 9, 10 . On the other hand, other authors propose that marine algae may be a significant source of VOCs to both the total local and global environments 11, 12 . However, this consideration depends on the types of compounds considered. Macroalgae produce around 70% of the world's bromoform 11 and combined emissions of macro and microalgae contribute substantial amounts of bromine to the global cycle, perhaps in the same order of magnitude as anthropogenic sources 13 . Marine macroalgae may also be the major source of the polybromomethanes in marine environments 11 . Brominated and iodinated volatile halocarbons are principally produced from natural sources but chlorinated compounds have mixed sources such as biota and industrial processes 14, The physiological mechanisms for VOC production are still not well understood but, the formation of halocarbons by haloperoxidases enzymes 16 through the oxidation of halogens in the presence of hydrogen peroxide, is considered important. Several authors have found enzymatic activity in algae including bromoperoxidases 17 , chloroperoxidases 18 , iodoperoxidases 19-21 and methyltransferases 22 . There is some evidence that the halocarbons are produced by other enzymatic mechanisms.
Another such pathway may be the reaction of hypobromous acid (HBrO), an extremely reactive species, with organic matter to form volatile halocarbons. Hypobromous acid can be formed by haloperoxidases located near the macroalgal outer surface and then released directly into seawater; HBrO has been proposed as a strong biocide and the production of halocarbons by seaweed is considered part of a host defence system 23 .
External factors such as light availability and desiccation can play an important role on the VOC production. Results obtained with light exposure 24 showed that light and dark periods had no influence on the release of volatile halocarbons. However, several authors 13, 25 have found an increase in the production of halocarbons under illumination due to algal photosynthetic activity 26 . Laboratory experiments suggested that release rates can be affected by partial desiccation, light availability, tissue age, tissue wounding and grazing 27 . The presence of VOCs in the atmosphere is of considerable importance as they may directly affect human health 28 , lead to the formation of cloud condensation nuclei 29 and affect the climate at both the local and global scales 30 .
As part of a wider investigation into VOCs in the coastal marine environment 31, 32 , a study was undertaken to determine the contribution that macroalgae make to VOCs in local seawater for subsequent transfer to the atmosphere. These studies were undertaken using Solid Phase MicroExtraction (SPME) techniques which have been shown to have a wider applicability and greater sensitivity for biogenic VOCs than other methods 33 . were collected from the field on different days at low tide from the Menai Strait (Latitude 53°13.521 N, Longitude 04°09.549 W), North Wales. These algae chosen were the most abundant in the Strait and are common to shores around the UK and Northern Europe. Figure 1 shows schematically where the algae were collected from according to their position in the intertidal zone. 
MATERIALS AND METHODS

Sample site and collection
Illumination conditions
As a source of photosynthetic active radiation (PAR), a set of Sylvania Grolux® F20W/GRO (Germany) lamps were employed. A Biospherical Instruments Inc. QS2-100 irradiance meter was used to measure photon irradiance. The values were measured by placing the sensor 10 cm from the lamps (50 mmol m-2 s-1) and inside the bottles with seawater (68 mmol m -2 s -1 ).
Temporal Evolution of VOCs
Prior to collection of the algae, a series of glass bottles filled with 4.5 L of filtered seawater (sand filter, 30 mm, 10 mm, 5 mm, 0.2 mm and irradiated with a UV lamp) were left overnight (6-8 hours) bubbling with filtered air to saturate the water with oxygen. The algae were collected early in the morning from the intertidal zone. They were transported immediately in seawater to the laboratory and washed with filtered seawater to remove adhering particles. Grazers and other marine organisms on the algae were removed by hand and only visibly undamaged algae were selected for the experiments. Algae were weighed to use roughly the same amount (300 g) for each experiment and placed in the seawater-filled bottles under illumination for 3, 6, 9, 12 hours and sealed with rubber stoppers covered with a thick film of Teflon, leaving no head space. Another experiment was run in parallel under dark conditions for 12 hours. The algae were placed in the bottle, covered with aluminium foil and incubated in a box at the same temperature as the test algae. Two blanks per experiment were also run; one with seawater at the start and the other after 12 hours exposure to the light source but without algae. This was to determine the photochemical production of VOCs in the seawater despite the filtration and sterilisation process.
The temperature of the seawater was measured before and after the incubation and it varied between 16 and 20°C. The temperature did not increase by more than 2 degrees throughout the experiments. Water content of the algae was determined after the experimental period by drying at 50°C for two days.
Desiccation induced VOC production
To determine which VOCs are produced by algae at low tide when they are exposed to the atmosphere and subsequently re-hydrated, the following experiment was performed. The same procedure of collecting and pre-treating the algae described above was followed. Only algae which are normally exposed to desiccation at low tides were used although the red algae were also excluded. One species was collected per day. After cleaning, the algae were hung at room temperature (16 to 18°C) for up to six hours. The first sample was not exposed to desiccation; it was immediately placed into filtered seawater as above and the VOC content analyzed one hour later. The other samples were exposed to the air for 2, 4 and 6 hours before placing in seawater for one hour. A blank with treated seawater was run in parallel to determine the abiotic production of VOCs in the water prior to the start of the experiment.
VOC analysis
After the incubation process the algae were quickly removed from the bottles with a metal hook (minimal losses of the volatile fraction were assumed during this process as the system was not being purging and there was no head space in the bottle). The bottles were spiked with the internal standard (4-bromofluorobenzene 2 ng L -1 , Supelco) and purged with extra pure nitrogen (~150 mL min -1 ) for 1 hour at ambient temperature with continual stirring to homogenize the sample and release the VOCs dissolved in the seawater. The nitrogen passing through the seawater was previously purified across an organic trap (ELGA) to minimize the possible volatile organic content in this gas.
The VOCs released during the purging process were trapped on a SPME fibre (2cm-50/30 mm DVB/carboxen/PDMS from Supelco). The fibre was preconditioned for 1 hour at 230ºC in a split/splitless port (split open) with helium as a carrier gas before each extraction procedure. The compounds adsorbed on the fibre were immediately desorbed for 5 minutes at 230ºC with the split/ splitless valve closed. A Jade valve kit for SPME for Fisons series 8000 from Alltech was used as an injector device for the fibre's syringe. The same fibre was used throughout the experiments.
The VOC content of the extracted samples were analyzed on a Fisons MD 800 Gas Chromatograph coupled to a mass spectrometry detector (GC-MS). A fused silica capillary column AT-502.2 (Alltech 60 m x0.32 mm i.d. and film thickness 1.8 mm) was used for the separation of all halocarbons and other VOCs. The chromatographic conditions were: helium as a carrier gas (~4.3 mL min-1), at a pressure of 140 Kpa; temperature programme: 40ºC held for 5 min, 4ºC min-1 to 60ºC held for 3 minutes, 4ºC min-1 to 80ºC and held for 2 min, 4ºC min -1 to 150ºC and isothermal at 150ºC for 10 min. Injector temperature was kept in 230ºC. The mass spectra conditions were: electron impact ionisation (70 eV), source temperature at 200ºC and interface temperature at 160ºC.
Initial identification of VOCs was performed in scan mode (47-270 m/z). Quantification was done using the internal standard and calibration curves of halocarbons standard (JMHW VOC Mix A, 16 analytes 1000 mg mL -1 , Supelco) as well another 15 pure compounds (halogenated, oxygenated, aldehydes, NHMCs and DMS) obtained from a range of suppliers to supplement the initial JMHW standard. Single ion monitoring (SIM) was used to quantify the compounds of interest. The targets compounds were equally divided through two SIM programs and care was taken to have the same dwell time and interchannel delay among the fragments. Standards were purged, concentrated and analysed in the same way as VOCs produced by the investigated macroalgae.
In order to determine the optimum time of purging an experiment was developed by spiking treated seawater with VOCs standards whose final concentration was 100 ng L -1 and then purged for 30, 60, 90 and 120 minutes. Results showed that 1 hour was sufficient time to reach the equilibrium of adsorption on to the SPME fibre for the volume of seawater purged (4.5 L) for all the VOCs quantified 34 .
RESULTS ANS DISCUSSION
Water content
The water content of the algae was variable with maximal values in the red species. Table 1 shows the algae studied and their respective water content. In general, the red algae contained more water which was also lost more readily during drying than either the green or brown algae (data not shown). 
